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I. INTRODUCTION

Strain, the fraction by which an object is stretched or compressed, is an important
engineering concern. Strain is illustrated in Figure 1, and the equation shows that strain is
defined as the percent change in length. Also, notice how the strain has altered the rod’s
thickness, thereby changing and likely reducing its strength. Excess strain degrades structural
integrity and is often the cause of structural failure. Currently, no method exists for measuring
strain in opaque objects. The discovery of a method for determining strain would allow
engineers to measure the strain and create strain maps that would reveal which parts of the object
are under the greatest strain. Engineers could assess whether the strain is sufficiently great to
present a structural problem and take appropriate action to eliminate or minimize the problem.
The ability to create strain maps is important because the maps would greatly assist engineers in
creating more reliable devices. For example, failure of a helicopter rotor blade could be
catastrophic. The ability to map the strain in the blade would allow engineers to design blades
that would be less likely to fail. Strain mapping would also allow engineers to determine
whether damage, such as cracks, was minor or severe by determining whether excess strain was
developing around the damaged area.

O ) Strain
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Figure 1. Strain in Rod
Il. APPROACH

While no method exists for the measurement of strain in opaque objects, a technique for the
measurement of strain in transparent objects is available. In this technique, visible light is passed
through a transparent object, and the intensity and polarization of the exiting light are measured.
This technique is known as visual-light-based strain-birefringence testing, and a strain map is
illustrated in Figures 2 and 3. Figure 2 shows half of a plastic tape holder exposed to normal
lighting (that is, unpolarized light), while Figure 3 depicts the same plastic tape holder exposed
to polarized light. Notice how different strain levels appear as different colors, creating a map of
the strain in the object. Also notice how some cracks are revealed to noticeably alter the strain,
while others have no appreciable effect.
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Figure 3. Object in Polarized Light

Birefringence is the property of affecting differently the different polarizations of
Electromagnetic (EM) waves. A birefringent material usually changes the polarization of
incident EM waves by favoring the transmission of waves of a particular polarization. The
interaction of some materials with incident light is dependent upon the strain experienced by the
materials, and materials exhibiting this property are said to exhibit strain-induced birefringence.



To test an object’s interaction with light, an ellipsometer is often used. An ellipsometer,
such as the one manufactured by the J. A. Woollam Company and shown in Figure 4, is a device
capable of producing EM waves at defined frequencies and polarizations and measuring the
intensity and polarization of the waves after they have passed through the test material or object.
Using the measured transmission intensity values, the ellipsometer can calculate, among other
things, the Mueller matrix of the test material or object. The Mueller matrix quantifies the
effects of alterations in the intensity and polarization of light passing through an object. The
Mueller matrix is a property of the object and frequency dependent.

Figure 4. Woollam THz-VASE™ Model 1.00 Ellipsometer

For objects composed of materials that exhibit strain-induced birefringence, a model can be
created describing the Mueller matrix of the object in terms of both frequency and strain. Light
can then be passed through a transparent object at a frequency at which the Mueller matrix is
noticeably different for different strain values. The intensity and polarization of the exiting
light can then be measured and used to calculate the strain level. This process, known as
visual-light-based strain-birefringence testing, is the test used for measuring strain in transparent
objects.

Visual-light-based strain-birefringence testing cannot be used for opaque materials because
this test requires that light be transmitted by the object being tested. Opaque materials do not
transmit light. However, the EM spectrum is far more extensive than the relatively tiny visible
light band. This project investigates the use of an experimental polarimetric technique to
measure the strain in opaque objects by using the principles of strain-induced birefringence.



I11. CONCEPT

To overcome the inability of visual light to penetrate opaque objects, terahertz radiation
was investigated. Longer wavelength EM waves, such as radio waves, have excellent
penetration ability but low image resolution. Shorter wavelength EM waves, such as visual light,
have poor penetration ability but produce high-resolution images. However, the terahertz band
illustrated in Figure 5 that is located in the high-frequency portion of the microwave band and
low-frequency portion of the infrared band exists in a transition region in the EM continuum
within which the properties of shorter wavelength waves progress into the properties of longer
wavelength waves. Terahertz waves are high-frequency microwaves with frequencies between
approximately 0.3 and 3 terahertz. By using terahertz radiation for strain-birefringence testing, it
is possible to tune the frequency being used to gain greater penetration of the object when
necessary or to reduce excess penetration in favor of greater resolution.
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Figure 5. Electromagnetic Spectrum

Because terahertz radiation has a longer wavelength than visible light, larger changes in the
material or object being tested are needed to show the effects of strain. In strain-induced
birefringence in the visible-light frequencies, strain causes the atoms or molecules that comprise
the object to be pulled and pushed relative to one another, leading to changes in the distances
between them. These atomic movements change the Mueller matrix of the material, thus
changing how the object interacts with incident light. However, these minuscule changes are too
small to produce a discernible impact in the interaction of the object with terahertz radiation.
Therefore, metamaterials are affixed to the object to be tested.

Metamaterials are a class of materials designed to have combinations of properties that
are not normally found in nature. For this project, the metamaterials used are metal pieces that
were chosen for their inductive and capacitive properties. These metamaterials are depicted in
Figure 6, which is an image of the metamaterials used in this project taken using a microscope
with a lens magnification of 200x. When EM waves from a particular range of frequencies
(determined by the spacing between the metamaterials) strike the metamaterials, resonance
occurs and changes how the waves are transmitted. By stretching the metamaterials and the
distance between them, the frequency at which resonance occurs is changed. The metamaterials
function as artificial atoms and cause changes in the Mueller matrix for the object to which the
metamaterials are affixed.



Figure 6. Metamaterials

IV. EXPERIMENTATION

To test the terahertz-based strain-birefringence method for measuring the strain in opaque
materials, samples of polydimethylsiloxane (PDMS), a silicone compound similar to rubber,
were examined. Thin sheets of PDMS were obtained, and layers of metamaterials were affixed
to the front of the sheets. Sample MM6 contains a single layer of metamaterials, while sample
MMY7 contains two layers of metamaterials. Each layer of metamaterials was divided into four
regions based on the distance between the metamaterials. If the sample had two layers of
metamaterials, the regions were aligned so that incident radiation must pass through two
regions with the same properties. The four regions were a baseline region with no metamaterials
(a control case) and three regions with metamaterials spaced 500, 750, and 1,000 microns (pum)
apart. The region of interest is the 500 um region, since the 750 and 1,000 um regions do not
have resonance frequencies in the frequency range tested. Therefore, all measurements were
made on the 500 pum regions but not necessarily on the 750 or 1,000 um regions. The samples
were mounted in a bracket that could stretch them vertically with gradations to measure the
amount by which they were stretched. For this experiment, the samples were subjected to 0, 2, 4,
and 6-percent (%) strain.



These samples were tested in a Woollam THz-VASE™ Model 1.00 Ellipsometer.
Using frequencies of 330 to 500 gigahertz (GHz), the Mueller matrices were measured for
each region of each sample. In addition, the transmission of terahertz radiation of the
indicated frequencies of various polarizations was measured for each region of each sample.
Measurements were taken at increments of 1 GHz. Each measurement was taken 10 times and
then averaged to produce a single data point. Transmission measurements through the baseline
region were used as a reference, and transmission measurements through the other regions were
divided by the reference value for that frequency and strain level. Strain was applied along the
vertical axis of each sample.

One test of particular note was the measurement of transmission using cross polarizers.
In this test, incident radiation is polarized at an angle of +45 degrees relative to the horizontal,
transmitted through the sample, transmitted through a polarizer that allows only -45 degree
polarized radiation to pass, and then measured by the detector. Because +45 degree polarized
radiation has no -45 degree polarized component (since the two differ by 90 degrees), no
radiation will reach the detector unless the sample rotates the polarization. This transmission
measurement can be verified by using the Mueller matrix. Where M+4s is the Mueller matrix of
the +45 degree polarizer, Msample 1s the Mueller matrix of the sample, M_4s5 is the Mueller matrix
of the -45 degree polarizer, and § is the radiation before it reaches the first polarizer (the design
of the ellipsometer has already polarized this radiation to +45 degrees), the radiation reaching the
detector can be found to have the following vector form.
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From this result, it is apparent that the equation a = Y2(mi+mi13-m31-m33), where a is the
intensity of the transmitted radiation (all of which is at -45 degree polarization) and m.y is the
element in the x™ row and y™* column of the Mueller matrix, can be used to predict the
transmission during a cross-polarization experiment. Because of the method that the
ellipsometer uses to normalize the data, the predicted transmission may be a constant multiple
of the actual transmission.

V. RESULTS

The test results reveal strain-induced birefringence in sample MM6 (500 um region). The
measurements of the Mueller matrix for sample MM6 reveal strain dependence in several of the
matrix elements. In addition, the transmission of certain polarizations shows strain dependence,
as shown in Figure 7. This figure illustrates the measurements of the amount of +45 degree
polarized terahertz radiation exiting the 500 um region of sample MM6 when the incident
radiation was polarized to +45 degrees. It can be observed that the magnitude of the dip in
transmission changes with strain and the frequency at which the dip is strongest also changes
with strain. Cross-polarization measurements show no appreciable rotation of polarization, as
shown in Figure 8, which is supported by the sample’s Mueller matrix, as shown in Figure 9.
Figure 8 plots the cross-polarization transmission measurements (measurements of how much
-45 degree polarized terahertz radiation exited the sample when the incident radiation was
polarized to +45 degrees) for the 500 um region of sample MM6. These measurements indicate
that the sample has a negligible ability to rotate the polarization of the sample. Figure 9 depicts
the Mueller matrix prediction for cross-polarization transmission in the 500 um region of MM6
calculated using the expression Y2(m11+mi3-m31-m33), which supports the lack of polarization
rotation in cross-polarized transmission measurements seen in Figure 8.

105 Transmission through 500 ;zm element for uu polarization
\ 0% strain.
-;\""". 2% strain
1k ., 4% strain
'.k‘.:\.,___ 6% strain
095 \ vf e
[ Ay =
[ M
m \ v
£ 09+ ol
wn Y
c \
pi
(= \
0.85 | Y
/
Y,
0.8 o/
0?5 L 1 1 1 | | | L L J
320 340 360 380 400 420 440 460 480 500
Frequency (GHz)

Figure 7. 500 um Region of Sample MMG6 for uu Polarization
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Sample MM7 (500 pum region) exhibited a much greater degree of strain-induced
birefringence than did sample MM6. The Mueller matrix of sample MM7 shows much greater
strain dependence and variation across frequencies. Whereas the Mueller matrix of sample MM6
showed variation in only a few elements, most of the elements of the Mueller matrix of sample
MM7 exhibited dependence upon frequency and strain. Also, the transmission measurements
show strain dependence for more polarizations than did the transmission measurements of
sample MM6. Of particular note, Figure 10, which plots the cross-polarization transmission
measurements (measurements of how much -45 degree polarized terahertz radiation exited the
sample when the incident radiation was polarized to +45 degrees) for the 500 um region of
sample MM?7, shows that sample MM7 allowed transmission even when cross polarizers were
used. Sample MM7’s ability to allow transmission in this test reveals the sample’s ability to
rotate the polarization of incident terahertz waves, and the data show that this ability is strongly
strain-dependent. This ability to rotate polarization and the strain dependence of this ability are
both confirmed by the Mueller matrix, as shown in Figure 11. Figure 11 depicts the Mueller
matrix prediction for cross-polarization transmission in the 500 um region of MM7 calculated
using the expression Ya(mi1+mi3-m31-m33).
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MM7 Mueller Matrix Prediction for Cross Polarization Transmission
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Prediction for ux Transmission

The results confirmed that strain-induced birefringence can be seen at terahertz frequencies
in objects to which metamaterials have been affixed and also confirmed several aspects of the
birefringence. First, spacing between metamaterials of 500 um proved more effective at
exhibiting strain-induced birefringence than spacing of both 750 and 1,000 um for the
frequencies examined. A double layer of metamaterials proved more effective at generating
strain-induced birefringence, but a single layer could be used. Fewer polarizations are affected
by differences in strain for the single-layer sample than for the double-layer sample, and the
double-layer sample is able to rotate the polarization of incident terahertz radiation, while the
single-layer sample is not. These results agree qualitatively with theory.

VI. CONCLUSIONS

The application of metamaterials was effective in producing strain-induced birefringence
at terahertz frequencies. Therefore, strain-birefringence testing at terahertz frequencies is a
promising technique for the measurement of strain in opaque objects.

VIl. FUTURE EFFORTS

An ability to collect measurements at many points within a sample object should be
incorporated, possibly by incorporating automated motor movements into the sample mount, to
allow a map of the strain in the object to be generated. Additional measurements should be taken
using different sample materials to develop models relating strain to terahertz wave transmission
in those other materials.
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